The outer tissues of dicotyledonous plant roots, i.e. epidermis, cortex and endodermis, are clearly organized in distinct concentric layers in contrast to the diarch to polyarch vascular tissues of the central stele. Up to now the outermost layer of the stele, the pericycle has always been regarded, in accordance with the outer tissue layers, as one uniform concentric layer. However, considering its lateral root forming competence, the pericycle is composed of two different cell types with one subset of cells being associated with the xylem, showing a strong competence to initiate cell division while another group of cells, associated with the phloem, appears to remain quiescent. Here, we established, using detailed microscopy and specific Arabidopsis thaliana reporter lines, the existence of two distinct pericycle cell types.
INTRODUCTION
The Arabidopsis thaliana root displays two different levels of tissue organization: a concentric organization formed by the ground layers (endodermis /cortex) and the epidermis, and a bilateral symmetry of the diarch vascular bundle consisting of two poles of xylem elements and two poles of phloem elements (Dolan et al., 1993) . The outermost layer of the central cylinder or stele is the pericycle, which is traditionally regarded as one extra concentric layer. Indeed, all pericycle cells share common physical properties and form a unique layer of regularly shaped cells in contact with each other by their tangential cell walls (Dolan et al., 1993) . During embryogenesis, the pericycle initiates from the same subset of initial cells as the rest of the stele and can be recognized as a distinct concentric layer already formed at heart stage, even before the endodermal and cortical cell files become specified (Scheres et al., 1994) . However, many studies in different species have emphasized the differences between pericycle cells according to their position adjacent to the xylem or the phloem poles in terms of cell division competence (Dubrovsky et al., 2000) , cell cycle progression (Beeckman et al., 2001) , cell size (Casero et al., 1989; Dubrovsky et al., 2000) , cell surface arabinogalactan-protein distribution and cell wall thickening (Dolan and Roberts, 1995; Casero et al., 1998; Majewska-Sawka and Nothnagel, 2000) , methyl blue staining (Toriyama, 2005) , plasmodesmatal connections (Wright and Oparka, 1997; Complainville et al., 2003) , physical disposition against endodermis cells (Dolan et al., 1993) , microtubules content (Hardham and Gunning, 1979) , and marker gene expression Mahonen et al., 2006) . Lateral root development in dicotyledonous plants occurs post-embryonically from pericycle cells and guarantees the spatial development and plasticity of root systems (Torrey, 1950; Celenza Jr et al., 1995; Malamy, 2005) . Auxin is unambiguously the main signal inducing pericycle cells to enter lateral root initiation (Casimiro et al., 2003; De Smet et al., 2007) .
Interestingly, only the subset of the pericycle cells associated to xylem poles are involved in lateral root initiation thus reinforcing the idea that the pericycle is a heterogeneous cell layer.
The mechanisms controlling pericycle cells determination and competence for the lateral root initiation are currently unknown. Here we demonstrate, using cytological approaches, that there are two distinct types of pericycle cells. We describe a new enhancer-trap line marker that visualizes this distinction already as early as in the root meristem. Finally, we used genetic approaches to identify mutants altering quantitatively and/or qualitatively pericycle organization. Our data substantiate the existence of two types of pericycle cells, set up in the root meristem. Furthermore our data show that the diarch determination of both the pericycle and the vasculature are regulated by a common genetic pathway.
RESULTS

Pericycle is made of two different cell types as revealed by cytological analyses
Only few reports have examined the ultra-structural features of the Arabidopsis root pericycle (Dolan et al., 1993; Wright and Oparka, 1997) and a detailed comparison between pericycle cells at the xylem poles versus the ones at the phloem poles is currently completely lacking.
Therefore the cytological aspects of both groups of pericycle cells were analyzed by transmission electron microscopy (TEM) in plants grown under normal conditions as well as under lateral root inhibiting and lateral root inducing conditions. Seedlings were germinated on MS-and 1-N-naphthylphthalamic acid (NPA)-medium. At 72 hours after germination, part of the seedlings on NPA was transferred to α -naphthaleneacetic acid (NAA) and incubated for 10 hours. In this way three different samples were obtained: untreated roots, roots prevented from lateral root initiation (NPA) and roots of which the entire pericycle is synchronously induced for lateral root initiation by NAA treatment (Himanen et al., 2002) . In all samples, sections for comparative TEM analysis were made through the distal part of the differentiation zone.
In the untreated roots, the protoxylem-pole pericycle cells displayed meristematic features with frequently 3 or more vacuoles and a dense cytoplasm containing numerous electron dense ribosomes ( Figure 1A ). At the phloem pole, all pericycle cells presented a single and large central vacuole and a parietal cytoplasm with less ribosomes, characteristic for a more differentiated status ( Figure 1B ). An opposite situation was found for NPA-treated seedlings.
Whereas the protoxylem-pole pericycle cells reduced their meristematic appearance by acquiring one large central vacuole and a reduction in the number of ribosomes ( Figure 1C ), the protophloem-pole pericycle cells showed under these conditions a meristematic appearance with a densely stained cytoplasm, the loss of the central vacuole in most of the cells and an enrichment in endoplasmic reticulum ( Figure 1D ). In some sections we could even notice the result of a recent periclinal cell division event by the appearance of a thin cell wall subdividing a former pericycle cells into two daughter cells ( Figure 1D , arrowheads).
These divisions are however rare and never give rise to lateral root formation. After transfer to NAA, the situation was pushed over again with the two types of pericycle cells reacting in an opposite manner. At the xylem poles, the pericycle cells clearly became meristematic with the development of numerous small vacuoles, nuclei with large nucleoli ( Figure 1E ), while the phloem pericycle cells reacquired parietal cytoplasm and a central vacuole ( Figure 1F ).
These analyses indicate that both types of pericycle cells react differentially and even in an opposite way to lateral root inhibiting versus lateral root inducing conditions.
Pericycle bilateral heterogeneity already occurs in stele initials
Having demonstrated the clear difference between protoxylem-pole and phloem-pole pericycle cells, we used GAL4 enhancer trap lines (see methods) as markers to study further the organization of the root pericycle. The J0121 line marks pericycle cells associated with xylem poles (Figure 2 , A-H) starting from the elongation zone above the root tip ( Figure 2C ) and expanding in basipetal direction throughout the root ( Figure 2B ). J0121 GFP expression precedes protoxylem differentiation (data not shown) and is later closely associated with this tissue ( Figure 2E ). Usually, three contiguous pericycle cell files are expressing GFP ( Figure 2D ) which are competent to divide and later form lateral root primordia (Kurup et al., 2005) . J0121 GFP expression is down-regulated in nascent and developing lateral root primordia ( Figure 2F ).
Another population of Arabidopsis GAL4 enhancer trap lines (Col-0 background) was screened to identify novel pericycle markers. This led to the identification of the reporter line Rm1007 which express GFP specifically in pericycle associated with xylem pole (Figure 2 , I-N) and mainly in 3 contiguous pericycle files ( Figure 2L ). Compared to J0121, GFP expression was detected earlier in the root tip starting from the initials immediately above the quiescent center cells ( Figure 2 , K, L). Furthermore, this expression pattern could be detected in heart stage embryos ( Figure 2M ). This early expression is comparable to the expression pattern observed in young lateral root primordia before emergence ( Figure 2J , arrow). It persists in older parts of the root where GFP remains exclusively expressed in pericycle associated with xylem poles ( Figure 2N ). Unlike J0121, expression is more intense in young tissues and fades away progressively in older parts ( Figure 2I ). In conclusion, the expression of the GFP enhancer trap marker in both J0121 and Rm1007 lines labelled a subset of cells in the pericycle, associated with the xylem poles, with Rm1007 labelling the xylem pole pericycle from the first initials.
Lateral root initiation, which takes place in the pericycle cells facing xylem poles is regulated by exogenous and endogenous signals (Malamy, 2005) . Different experiments were performed to test whether the pericycle cell specification was modified by stresses, nutrients and hormones conditions. Neither tested nutrients concentrations (phosphate, nitrate and sucrose), nor stress (wounding, heat shock, and drought) resulted in any obvious change of the GFP expression pattern in the J0121 line (see methods, data not shown). J0121 behaviour was also tested against two major hormones involved in root development. Neither auxin, NPA ( Figure 2 , G, H) nor cytokinin (Supplementary figure 1 , A-D) treatments affected the GFP expression pattern of J0121. Similar results were observed with the Rm1007 line, for NPA and NAA treatments ( Figure 2J and Supplementary figure 1, E, F). Therefore, even if these treatments induce (auxin, Celenza Jr et al., 1995) or reduce (NPA & cytokinin, Reed et al., 1998; Lohar et al., 2004) root ability to initiate primordia, they appear to have no effect on the spatial organization of the pericycle cells competent for lateral root initiation. We conclude that Rm1007 and J0121 patterns robustly delimit the subset of pericycle cells competent for lateral root initiation and are not perturbed by auxin or cytokinin treatments. This suggests that the specification of different pericycle cells types is not controlled by any of these signals.
Genetic analysis identifies new mutants altered in pericycle bilateral organization
In order to get insight into the mechanisms that specify the different populations of pericycle cells, we performed a genetic screen on J0121 enhancer trap line. For further analysis, J0121
was preferred instead of Rm1007 since variation in the intensity of the GFP was noticed in Rm1007 probably due to epigenetic regulations. 1500 independent F2 progenies of EMS mutagenized seedlings were screened in order to isolate mutants exhibiting qualitative or quantitative alteration of the GFP expression pattern. This led to the identification of 12 mutants showing different phenotypes related to J0121 expression: discontinuity, ectopic expression in pericycle, ectopic expression outside the pericycle and down regulation of GFP expression. Interestingly, most of these mutants showed an alteration in their lateral root initiation ability (Supplementary figure 2). We have focused on two mutants showing a strong and stable phenotype with altered radial pattern of the GFP expression in the pericycle, 
Pericycle determination and lateral root initiation potency are intimately correlated with vascular organization in the lhw mutant
Two recessive mutant alleles of the previously reported lhw mutant (Ohashi-Ito and Bergmann, 2007) were identified in our screen and were therefore named lhw-6 and lhw-7.
Because the two alleles displayed a highly similar phenotype, we will refer to them as "lhw" mutation in this paper. The lhw mutants present a reduction in primary root growth and in lateral root initiation density (respectively 37% and 47%; Supplementary figure 2). In contrast to the J0121 line, the lhw mutants showed only one strand of pericycle cells expressing GFP ( Figure 3F ). Furthermore, sections made through the mature part of the root revealed that these lines develop only half of the vascular bundle (one xylem pole and one phloem pole) and fewer pericycle cells compared to the control ( Figure 3E and supplementary figure 3 ).
This reduction of the circumferential number of pericycle cells does not prevent lateral root formation (Supplemental figure 2) . The loss of the diarch organization starts from the meristematic region and is maintained throughout the whole root in these mutants. The number of cells belonging to the outer layers is not significantly different from those found in wild type plants (Supplementary figure 3) and described previously (Dolan et al., 1993) . No structural differences could be observed in the lateral root cap and the columella (data not shown), neither at the level of the four quiescent center cells themselves as compared to wild type ( Figure 3D ). Confocal microscope analysis revealed the expression to be restricted to one This experiment demonstrates that pericycle cells competent for lateral root initiation remain exclusively adjacent to the xylem pole and express exclusively the J0121 GFP marker.
Quantitative losses in vascular bundle and pericycle heterogeneity appear intimately correlated: there is a concomitant loss of diarch and bilateral structures in lhw mutants.
Protoxylem differentiation is not required for pericycle differentiation and lateral root initiation
The recessive ivad mutant shows ectopic GFP expression in the root: the GFP expression extends in the pericycle additionally to the normal pattern, above the differentiation zone in plants grown 4 to 5 days after germination ( Figure 3I ). Primary root growth is drastically reduced (Supplementary figure 2) and root gravitropism is altered (data not shown). 
Suppression of vascular heterogeneity in the wol mutant correlates with a loss of heterogeneity in the pericycle
To determine if the qualitative loss in vasculature heterogeneity has consequences on the ability of pericycle cells to divide and form new lateral roots, we used the wol mutant (Scheres et al., 1995) . Indeed, this mutant presents a defect in procambial cell specification giving rise to a reduced number of cells. As a consequence the phloem is not determined and only protoxylem tissues differentiate in the vascular bundle ( Figure 6E , Scheres et al., 1995; Mahonen et al., 2000) . Moreover, the GAL4 enhancer trap lines J0121 is specifically expressed in xylem pole associated pericycle cells thus suggesting the existence of distinct patterns of gene expression for this subset of cells. However, all these differences between xylem pole and phloem pole pericycle cells appear at a distance from the root tip in a mature region of the root where the differentiation of the first vascular elements is fulfilled. This has led to the notion that the lateral root initiation competence of pericycle cells at the xylem poles might rely to some extent on the correct differentiation of the neighbouring protoxylem cells. In this view, the lateral root initiation capacity of the protoxylem pole pericycle cells would be a relatively late achieved characteristic. The same train of thought can be found in the earlier reported "primed pericycle model" (Barlow, 1984; Skene, 2000) wherein all pericycle cells in the root apical meristem are regarded as equivalent and are supposed to differentiate when they leave the meristem in response to a radial factor emitted by differentiated vascular tissues ( Figure 7A) .
GFP expression in
A similar mechanism was demonstrated to control the position of legume nitrogen-fixing nodules in front of xylem poles with ethylene produced in the phloem acting as an inhibitory diffusible factor (Heidstra et al., 1997) .
However, in contrast to these hypotheses, our results indicate that the positioning of lateral root primordia is most likely controlled by a different mechanism. We used Rm1007 and J0121 enhancer trap lines and the lateral root organogenesis as markers of pericycle cells identity. We show that xylem pole and phloem pole associated pericycle cells represent two distinct cell populations with different cellular characteristics. In particular, we observed differential responses of these cells to auxin. Indeed, exogenous treatment with NPA and NAA induces opposite responses between the cells of the pericycle (by blocking division at the xylem poles whereas the cells in front of phloem poles de-differentiate and appear even able to divide). This suggests that these two kinds of pericycle cells might have differences in auxin transport system, and/or auxin sensitivity. However, up to now no data are available to support this hypothesis.
We demonstrate using enhancer trap lines that these two types of pericycle cells might become specified as early as or coinciding with the formation of the pericycle initials.
Moreover, our genetic analysis indicates that pericycle and vasculature determination in the root meristem are controlled by common mechanisms. This is notably illustrated by a concomitant reduction of the cell number of the vasculature and the pericycle in lhw and wol mutants whereas the external layers present the same number as the wild type ( Supplementary   figure 3, Dolan et al., 1993) . The idea that xylem-pole and phloem-pole pericycle cells are associated with their respective neighbouring vascular tissue type is supported by molecular and cellular markers shared between vascular tissues and their associated pericycle cells. For instance, AHP6 (Mahonen et al., 2006) is expressed in protoxylem cells and the adjacent pericycle cells from the initials on. Similarly at the cellular level, AGP distribution is mainly detected along the xylem axis (Majewska-Sawka and Nothnagel, 2000) and symplastic plasmodesmata connections occur mainly between the phloem cells, the adjacent sieve elements and the associated pericycle cells (Wright and Oparka, 1997) .
Taken together our data suggest a new model of pericycle organization ( Figure 7B) where the bilateral organization of the stele, including the pericycle, is set up in the initials and maintained throughout the root as illustrated by the continuous cell files expressing firstly Rm1007 and later J0121 markers. The stele determination is notably dependent on the activity of the WOL and LHW genes. Both wol and lhw mutations induce a concomitant loss of one vascular pole and of the associated pericycle. These observations further suggest that the vascular tissue and its associated pericycle would belong to the same morphogenetic field.
Later on, the vascular tissues and the pericycle differentiate as illustrated by vessel formation and lateral root initiation competence respectively. The lateral root initiation defect in wol mutant plants can either be a direct consequence of defects in cytokinin signalling or result from the loss of the heterogeneity of the pericycle. Quiescent phloem-pole pericycle cells might be needed to border the area of divisions which is required to get proper organogenesis.
We therefore argue for the existence of at least 2 different pericycle cell identities that are closely associated with the adjacent vascular elements. These tissues might therefore be regarded as a full member of the stele rather than being considered as one other concentric layer of the root.
Materials and Methods
Used materials
Arabidopsis thaliana (L.) Heynh. Ecotype Columbia (Col-0) and C24 seeds were obtained from the Nottingham Arabidopsis Stock Center. We analyzed the mutants wol (Mahonen et al., 2000) , ahp6 (Mahonen et al., 2006) , the dominant repression line Pro 35S -VND7:SDRX (Kubo et al., 2005 ) (Col-0 backgrounds), and the marker line J0121 (C24 background). We used promoter fusion P CYCB1;1:GUS (Colon-Carmona et al., 1999) .
Rm1007 was identified in a new screen for GAL4-GFP enhancer trap lines in Col-0 background; 2000 lines were screened, 380 expressed GFP in the root; 57 at least in the pericycle and 27 specifically in this tissue layer. Out of these 27 lines, 2 labelled a longitudinal subpopulation of cells in this layer.
Growth conditions and treatments
Seeds were surface sterilized and sown on half strength selective MS medium ( 
